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!"#$"#%& '& ()(*+,-& ./*"0/./1'"2"& *+3(& 0& 0+#/"4"5"'/& 6"2-5& 7%58& 9(,#/*/)%& )(& #0/&

29-44%:&0&,(0+1+6"15+&"5&"79(7(5%0(/6";&09/6/))";&+)<"96(3++=&!/90%;&4"#$"#&"1)"0%0(>

/51?&)(&"79(7"5'/&"49/#/*/))";&4"1*/#"0(5/*8)"15+&'(#9"0&0+#/"4"5"'(:&'('&"5#/*8)%$&15(5+>

./1'+$& +,"79(@/)+;=& A5"9";& 4"#$"# "1)"0%0(/51?& )(& "79(7"5'/& #+)(6+./1'+$& +,6/)/)+;&

159-'5-9%&*+3(.

B)59"4"*"2+./1'+/&+11*/#"0()+? 0 9(7"5($ [1, 3, 4, 11] 4"'(,(*+, .5" #+)(6+./1'+/ +,>

6/)/)+? ./*"0/./1'"2" *+3( 49+ 0/#/)++ 9(,2"0"9(, ( 5('@/ #0+@/)+? 2"*"0% 49/#15(0*?C5

'*C./0-C +)<"96(3+C #*? 9/D/)+? ,(#(. '*(11+<+'(3++ (2/)#/9)";, 0",9(15)";). EFG"-* 0

+11*/#"0()++ [18], "1)"0%0(?18 )( <+,+"*"2+./1'+$ "1"7/))"15?$ ./*"0/./1'"2" *+3( + /2"

+,6/)/)++, 0%#0+2(/5 1*/#-CH+/ 49+)3+4%:

! + 15(5+./1'(?, + #+)(6+./1'(? +)<"96(3+? 6"2-5 7%58 +14"*8,"0()% #*? 9/D/)+? ,(#(.

9(14",)(0()+?;

! 15(5+./1'-C&+)<"96(3+C 49/#4".5+5/*8)" +14"*8,"0(58 #*? 9/D/)+? ,(#(. +#/)5+<+'(>

3++;

! #+)(6+./1'(? +)<"96(3+? 4",0"*?/5 4"*-.+58 '(./150/))%; 9/,-*85(5 0 -1*"0+?$ 6/)?C>

H/2"1? "'9-@/)+? ("10/H/)+/, 9(,9/D/)+/ +,"79(@/)+;);

! 6"#/*8, "1)"0())(? )( #+)(6+'/ +,6/)/)+;, 59/7-/5 7"*8D/2" 09/6/)+ )( "7-./)+/;

! 6"#/*8, "1)"0())(? )( #+)(6+'/ +,6/)/)+;, 49/#4".5+5/*8)( #*? 9/D/)+? ,(#(. 2/)#/9)";

'*(11+<+'(3++;
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! #*? 9/D/)+? ,(#(. '*(11+<+'(3++ M6"3+; #+)(6+./1'(? +)<"96(3+? ?0*?/51? <-)#(6/)>

5(*8)";.

N*C./0%6 6"6/)5"6 ?0*?/51? 4")+6()+/ <+,+"*"2++ ./*"0/./1'"; 6+6+'+. A%9(@/>

)+/ M6"3+;, )(49+6/9, 1.(158?, 29-15+, 159($(, -#+0*/)+?, 1 5".'+ ,9/)+? 6+6+'+ ,('*C.(/51?

0 "49/#/*/))"6 #0+@/)++ 6%D3 *+3(, 5" /158 +,6/)/)++ <"96% 2-7, 0/', '"@+ *+3(.

A 9(6'($ 5/'-H/2" +11*/#"0()+? +)5/9/1 49/#15(0*?/5 19(0)/)+/ 9/,-*85(5"0 9(14",)(>

0()+? 7(,+9-CH/2"1? )( 15(5+./1'"; + )( #+)(6+./1'"; +)<"96(3++ ./*"0/./1'"2" *+3(.

O*? ()(*+,( 15(5+./1'"; +)<"96(3++ ./*"0/./1'"2" *+3( + #+)(6+'+ /2" +,6/)/)+? (0>

5"9% [14] 49/#*(2(C5 +14"*8,"0(58 "4/9(5"9 *"'(*8)%$ 7+)(9)%$ D(7*")"0, '"5"9%; 9/,-*8>

5(5+0)" 149(0*?/51? 1 ,(#(.(6+ 9(14",)(0()+? "7P/'5"0 4" D(7*")(6 + 49+6/)+6 ' 9(14",)(>

0()+C #+)(6+./1'+$ 5/'15-9.

)2&*177&2-$/&*+,*&-.$/5$7,%$.$/$8%1717$9/01#&'1012.&3&/#$4,

K-H/150-C5 9(,*+.)%/ 4"#$"#% #*? "79(7"5'+ #+)(6+'+ +,6/)/)+? ./*"0/./1'"2" *+>

3(. A&#())";& 2*(0/& 7-#-5& 9(116"59/)%&)/'"5"9%/&+,&)+$:&)(+7"*//&4"#$"#?H+/&#*?& 9/D/)+?&

,(#(.&9(14",)(0()+?&+&'*(11+<+'(3++&0&0+#/"4"5"'/=

A& #())";& 9(7"5/& 9(116(59+0(C51?& 6/5"#%:& '"5"9%/& "1)"0%0(C51?& )(& ()(*+,/& 5/'15-9&

+,"79(@/)+;=&G-'/9()&+&O@/;)&49"0/*+&'*(11+<+'(3+C&6/5"#"0&#())";&29-44%:&1"2*(1)"&'">

5"9";&0%#/*+*+&./5%9/&29-44%Q&15(5+15+./1'+/:&2/"6/59+./1'+/:&"1)"0())%/&)(&6"#/*?$&+&"7>

9(7"5'/&1+2)(*"0 [12].

R()8D/& 01/$& 7%*+& 49/#*"@/)%& 15(5+15+./1'+/& 6/5"#% [4]. K& 4"?0*/)+/6& 9(,*+.)%$&

59-#"0& 0& 1</9/& "79(7"5'+& 1+2)(*"0:& +11*/#"0(5/*+&)(D*+&+$&49+6/)/)+/&#*?& "79(7"5'+&+,">

79(@/)+;=&G('&#*? 9(14",)(0()+? ./*"0/./1'+$ *+3 0 0+#/"4"5"'($ S+ + T/) [16] 49/#*(2(C5

+14"*8,"0(58 59(/'5"9++ "51*/@+0(/6%$ "1"7/))"15/; *+3(. U,0*/./))%/ 1 4"6"H8C <+*859(

V(7"9( ./95% *+3( +14"*8,-C51? #*? 1"15(0*/)+? 6"#/*+ 9(14",)(0()+?. !"&9/,-*85(5(6 M'1>

4/9+6/)5( (05"9% 4"'(,(*+ -0/*+./)+/ '(./150( 9(14",)(0()+?:&"1)"0())"2"&)(&"4+1())"; 6">

#/*+, 0 19(0)/)++ 1 "7%.)%6 4"'(#9"0%6 6"#/*+9"0()+/6.

U,&29-44%&6/5"#"0:&"1)"0())%$&)(&4"159"/)++&6"#/*+&"79(7(5%0(/6"2"&+,"79(@/)+?:&

6"@)"&0%#/*+58&9(7"5%:&0&'"5"9%$&"4+1%0(/51? 49+6/)/)+/ 1'9%5%$ 6(9'"01'+$ 6"#/*/; #*?

9/D/)+? ,(#(. 9(14",)(0()+? ./*"0/./1'+$ *+3 0 0+#/"4"5"'/. S+ + T/) 0 10"/; 9(7"5/ [7]

49+0"#?5 '*(11+<+'(3+C 6/5"#"0, "1)"0())%$ )( #())"6 4"#$"#/.

W"*8D+)150"& "4+1())%$& 4"#$"#"0& +& 6/5"#"0& )/& 4",0"*?C5& 49"+,0"#+58& "79(7"5'-& +&

()(*+,& 5/'15-9&+,"79(@/)+;&0&9/(*8)"6&09/6/)+&+,-,(& 10"/;&0%.+1*+5/*8)";&1*"@)"15+=&E1>

)"0)%6 (*85/9)(5+0)%6 4"#$"#"6 ?0*?/51? +14"*8,"0()+/ *"'(*8)%$ 7+)(9)%$ D(7*">

)"0 XSWYZ, 04/90%/ 49/#*"@/))%$ 0 1996 2"#- (05"9(6+ E#@(*"; + !8/5'(+)/)"6 [9, 10]. E1>
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)"0)%6&49/+6-H/150"6&?0*?/51?&"5)"1+5/*8)(?&6(*(?&1*"@)"158&0%.+1*/)+?&"4/9(5"9(&SWY=&

A&10?,+&1&M5+6&0&4"1*/#)+/&2"#%&7%*+&49/#*"@/)%&)"0%/&6/5"#%&#*?&9/D/)+?&6)"2+$&,(#(.&

'"648C5/9)"2"& ,9/)+?=& I)"2+/& -./)%/ 9(,9(7"5(*+& 6"#+<+'(3++& "4/9(5"9(& SWY& #*?& '")>

'9/5)%$&,(#(.:&)(49+6/9:&#*?&9(7"5%&1&59/$6/9)%6+&5/'15-9(6+ [5], #+)(6+./1'+6+ 5/'15-9(>

6+ [12, 13].

)61+,-&+/#&.,#:7;</*$7,+7;</=,*#&7&'/5#9/,7,#$8,/2-,-$012.$</2'&>2-'/01#&'1?

012.&3&/#$4,

B05"9%&SWY:&E#@(*(&+ !8/5'(+)/):&9-'"0"#150"0(*+18&+#//; (11"3+(3++ '(@#"2" 4+'>

1/*? +,"79(@/)+? 1 29-44"; 4+'1/*/; /2" "'9/15)"15+ [9, 10]. !9+6/)/)+/&"4/9(5"9(&SWY&4">

,0"*?/5&'(@#"6-&4+'1/*C&4"*-5")"0"2"&+,"79(@/)+?&4"15(0+58&0&1""50/5150+/&7+)(9)%;&'"#:&

'"5"9%;&"4+1%0(/5&/2"&5/'15-9)%/&$(9('5/9+15+'+=

E4/9(5"9& 9(7"5(/5& 1& 29-44";& 4+'1/*/;& +& 0%.+1*?/5& 7+)(9)%;& '"#& #*?& 3/)59(*8)"2"&

4+'1/*?& 29-44%=&[(& 9+1-)'/& \& 4"'(,()%&<9(26/)5%&+,"79(@/)+?& 9(,6/9"6& ]$]& 4+'1/*/;=&U,&

9+1-)'(&\&0+#)":&.5"&49+6/)/)+/&"4/9(5"9(&SWY ,(0+1+5 "5 '"*+./150( 4+'1/*/; "'9/15)"15+,

'"5"9%6+ "4+1%0(/51? 3/)59(*8)%; 4+'1/*8&"7*(15+. [(&9+1-)'/ \=(&'"#&3/)59(*8)"2"&4+'1/*?&

,(0+1+5&"5&^&1"1/#)+$&4+'1/*/;:&)(&9+1-)'/&\=7& "5&\_-5+=&K*/#-/5&"56/5+58:&.5"&1"1/#)+/&4+'>

1/*+&6"2-5&7%58&0%79()%&9(,*+.)%6+&14"1"7(6+:&)(&9+1-)'/ \=0&4"'(,()":&'('&,(#(58&#9-2+/&^&

1"1/#)+$&4+'1/*/;=&G"&/158&0%7"9&`1"1/#/;a&,(0+1+5 5('@/ "5&+$&9(115"?)+?&#"&3/*/0"2"&4+'>

1/*?= A&,(0+1+6"15+&"5&'")'9/5)";&,(#(.+:&'(./150(&+,"79(@/)+?&0%7+9(/51?&'"*+./150"&,)(>

.+6%$&4+'1/*/;:&'"5"9"/&0%7+9(/51?&M64+9+./1'+6&4-5/6=

(Z 7Z 0Z

R+1. 1. V9-44%&4+'1/*/;&#*?&49+6/)/)+?&"4/9(5"9(&SWY

N(@#%;&4+'1/*8&+,"79(@/)+?&+6//5&"49/#/*/))"/&,)(./)+/&+)5/)1+0)"15+=&!9+6/)/)+/&

"4/9(5"9(&SWY&4",0"*?/5&0%.+1*+58&7+)(9)%;&'"#&"49/#/*/))"2"&4+'1/*?:&+14"*8,-?&,)(./>

)+?&+)5/)1+0)"15/;&4+'1/*/;-1"1/#/;=&V9(<+./1'(?&+**C159(3+?&49+6/)/)+?&"4/9(5"9(&SWY&

49+0/#/)(& )(& 9+1-)'/ b=& N(@#%;& '0(#9(5& -1*"0)"& "4+1%0(/5& 4+'1/*8& +,"79(@/)+?=& G('& '('&

"4/9(5"9&SWY&49+6/)+6&'&4"*-5")"0%6&+,"79(@/)+?6:& 5"&,)(./)+?&+)5/)1+0)"15/;&"49/#/>
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*?C51?& 29(#(3+?6+& 1/9"2" 0& +)5/90(*/& [0, 1]:& 29()+.)%6& ,)(./)+?6& '"5"9"2"& 1""50/5150-C5&

0 — 7/*%;&30/5:&\— ./9)%;&30/5=&E#)('", "7%.)"&49+)?5"&#*?&-#"7150(&0%.+1*/)+;&)"96(*+>

,"0(58& ,)(./)+?& +)5/)1+0)"15+& 5('+6& "79(,"6:& .5"7%& ,)(./)+?& +)5/)1+0)"15+& +,6/)?*+18& 0&

+)5/90(*/& [0, 100]. [(&9+1-)'/&b &,)(./)+/&+)5/)1+0)"15+&4+'1/*?& -'(,()"&0&3/)59/&'0(#9(5(=&

N""9#+)(5% 5"./' "'9/15)"15+ )/ 01/2#( 4"4(#(C5 5".)" 0 3/)59% 4+'1/*/;, 4"M5"6- #*? 0%>

.+1*/)+? ,)(./)+; M5+$ 5"./' +14"*8,-/51? 7+*+)/;)(? +)5/94"*?3+?.

!+'1/*+, '"5"9%/ +6/C5 ,)(./)+? +)5/)1+0)"15+& 7"*8D/, ./6 3/)59(*8)%; 4+'1/*8

(+*+ 9(0)"/ /6-), 49+)+6(C5 ,)(./)+? «1», 5/, '"5"9%/ 6/)8D/ 3/)59(*8)"2", 49+)+6(C5 ,)(>

./)+? «0». G('+6 "79(,"6, 4"*-.(/51? 7+)(9)%; '"#, 49/#15(0*?CH+; "'9/15)"158 4+'1/*?.

A%.+1*/)+/ SWY LBP!," 1&9(#+-1"6&R X)(&9+1-)'/&\=a Rc\:&)(&9+1-)'($&\=7:&\=0&RcbZ&+&

'"*+./150"6 4+'1/*/;&"'9/15)"15+&# 49"+,0"#+51?&4"1*/#-CH/;&<"96-*/&X\ZQ
LBP!,"(x$, y$) = % s&g' ( g$ + a) * 2',!+,'-. (1)

2#/&g$ — ,)(./)+/&+)5/)1+0)"15+ 3/)59(*8)"2" 4+'1/*? (x$, y$) 5/'-H/; "7*(15+, g' —

/-"; 5".'+ "'9/15)"15+. O*?&5"2", .5"7%&6"@)"&7%*"&9/2-*+9"0(58&9(7"5-&"4/9(5"9(&0&,(0+1+>

6"15+&"5&'(./150(&0$"#)"2"&+,"79(@/)+?&00"#+51?&4(9(6/59&0 — 14/3+(*8)"/&4"9"2"0"/&,)(./>

)+/, +&4"9"2"0(? <-)'3+? s(x) +6//5 0+# (2):

s(x) = 11, x 2 0,

0, +)(./.
3 (2)

R+1. 2. E79(7"5'(&1&+14"*8,"0()+/6&SWY

U, 49+6/9( )( 9+1-)'/ 2 1*/#-/5, .5" 3/)59(*8)%; 4+'1/*8 "4+1%0(/51? 8-6+9(,9?#)%6

7+)(9)%6 '"#"6 100101114. K5"+5&,(6/5+58:&.5"&0%7"9&)(49(0*/)+?&+&)(.(*8)"2"&4+'1/*?&

#*?&"51./5(&6"@/5&7%58&49"+,0"*8)%6=&G('&0&49+6/9/&)(&9+1-)'/&b&7%*&0%79()&*/0%;&0/9$)+;&

4+'1/*8&+&)(49(0*/)+/&"7$"#(&`1"1/#/;a&4"&.(1"0";&159/*'/=&K"2*(1)" <"96-*/ (1), .5"7% 4">

*-.+58 ,)(./)+/ SWY "4/9(5"9( )/"7$"#+6" 49+0/15+ 4"*-./))%; 7+)(9)%; '"# ' #/1?5+.)";

1+15/6/ 1.+1*/)+?, 5" /158 4"*-.+6:

100101114 = 1 + 2 + 4 + 16 + 128 = 151,.. (3)
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A%.+1*/)+/&2+15"29(66%&SWY&"49/#/*?/51?&4"&<"96-*/&XdZ=

56 = 78(9:#(;, <) = =), = = 0, … ,> ( 1,

?,@
2#/ 5 0%.+1*?/6(?&2+15"29(66(:&1"15"?H(?&+,&> 15"*73"0:&> 6('1+6(*8)"/&,)(./)+/&

7+)(9)"2"&'"#(:&49/"79(,"0())"2"&0&#/1?5+.)-C&1+15/6-&1.+1*/)+?=&A/*+.+)(&> ,(0+1+5&"5&'">
*+./150( # -.+5%0(/6%$&1"1/#)+$&4+'1/*/;&> = 2A=&J-)'3+?&8 "4+1%0(/51?&<"96-*";&(4).

I(x) = 11, x = UKGU[B

0, x = SEef.
3 (4)

!9+6/)/)+/ "4+1())"; 6/5"#+'+ 4",0"*?/5 "51*/@+0(58 +,6/)/)+? )/ 5"*8'" '(@#"2"

4+'1/*?, )" + /2" "'9/15)"15+. G('+6 "79(,"6, 49/#15(0*/)+/ ,(#)/2" 4*()( (#(45+9-/51? ' 5(>

'+6 49"7*/6(6 49+ "7)(9-@/)++ #0+@/)+? 0 0+#/"4"5"'/ '(' )(*+.+/ D-6(, ( 5('@/ 5('+$

49+9"#)%$ ?0*/)+; '(' 1)/2, #"@#8, '(.(CH(?1? *+150( #/9/08/0.

)61+,-&+/#&.,#:7;</*$7,+7;</=,*#&7&'/5#9/,7,#$8,/5$7,%$012.$</2'&>2-'/01#&'1?

012.&3&/#$4,

O,(" 0 10"/; 9(7"5/ [16] 49/#*"@+* 6"#+<+'(3+C "4/9(5"9( SWY #*?&0",6"@)"15+&/2"&

49+6/)/)+?&#*?&()(*+,(&#+)(6+./1'+$&5/'15-9= g./)%;&49/#*"@+*&()(*+,+9"0(58&59+&+#-H+$&

4"#9?#&'(#9(&0+#/"4"1*/#"0(5/*8)"15+Q&5/'-H+;:&49/#%#-H+;&+&4"1*/#-CH+;=

!9"+,0"*8)%;&4+'1/*8&'(#9(&0+#/"4"5"'(&"4+1%0(/51?&'('&B.,C = 8(;,<, D) +&"49/#/*?>
/51?&1""50/5150/))"&10"+6+&'""9#+)(5(6+&(;,<) +&6"6/)5"6&09/6/)+ D. G('+6&"79(,"6&3/*/>
0%/ X3/)59(*8)%/Z&4+'1/*+&"4+1%0(C51?&<"96-*";&X]Z=

B6,C = 8(;, <, D + = * ED),               = = (1, 0, 1, (5)

2#/&;,< '""9#+)(5%&4+'1/*?:&D 6"6/)5&09/6/)+&4"?0*/)+?&'(#9(&0&0+#/"4"1*/#"0(>

5/*8)"15+:&ED 49"6/@-5"'&09/6/)+&6/@#-&4"1*/#"0(5/*8)%6+&'(#9(6+=

K"1/#)+/&# 4+'1/*/;&0%7+9(C51?&()(*"2+.)"&15(5+./1'"6-&SWY&4"&<"96-*/&X_Z=
B6,F = 8(; + ;F,< + <F, D + = * ED),           / = 0, … ,# ( 1;      = = (1, 0, 1, (6)

2#/&# '"*+./150"&1"1/#)+$&4+'1/*/;=

O+)(6+./1'+;& "4/9(5"9& SWY, ,(0+1?H+;& "5& 49"6/@-5'(& 09/6/)+& 6/@#-& 4"1*/#"0(>

5/*8)%6+&'(#9(6+&ED:&'"*+./150"6&1"1/#)+$&4+'1/*/;&# +&9(115"?)+/6&6/@#-&3/*/0%6&+&1">
1/#)+6+&4+'1/*?6+&G, 0%.+1*?/51?&4"&<"96-*/&XLZ=

H9:#EI,A,J = % KL2LMAN,L-. , (7)

2#/&KL — "49/#/*?/5&,)(./)+/&<-)'3++ XbZ:&(92-6/)5(6+&'"5"9";&?0*?C51?&9(,)"15+&0+>

#(&(BI,F ( B.,C), '"*+./150"&'"5"9%$&1"15(0*?/5&(3# + 2).
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[(&9+1-)'/&h&4"'(,()(&0%.+1*+5/*8)(?&49"3/#-9(&#+)(6+./1'"2"&SWY:&#*?&ED = 1,# =

4,G = 1. !/90%6&D(2"6&?0*?/51?&4"*-./)+/&4"1*/#"0(5/*8)%$&'(#9"0&0+#/"+,"79(@/)+?& X16=&

9+1-)"'&h=(Z=&!"1*/ 5"2"&'('&4"*-./)%&'(#9%&0+#/"4"5"'(&49"+1$"#+5&0%.+1*/)+/&+)5/)1+0)">

15+&3/*/0%$&+&1"1/#)+$&4+'1/*/;&X16=&9+1-)"'&h=7Z=&K*/#-CH+6&M5(4"6&?0*?/51?&4"9"2"0(?&"7>

9(7"5'(&0&9/,-*85(5/:&'"5"9";&,)(./)+?&+)5/)1+0)"15/;&1"1/#)+$&4+'1/*/;&15()"0?51?&9(0)%6+&

`ia& +*+ `\a=& j('*C.+5/*8)%6& D(2"6& ?0*?/51?& 0%.+1*/)+/& 7+)(9)"2"& '"#(& #+)(6+./1'"2"&

SWY&+&/2"&49/"79(,"0()+/&0&#/1?5+.)-C&1+15/6-&1.+1*/)+?=

t=-1

t=0

t=1

(Z&

3031

11

99

17

2735

13

88

25

3331

13

77

38

7Z

11

0

1

0

1

0

1

0

11

0

1

1

0Z

R+1. 3. (Z&U**C159(3+?&4"1*/#"0(5/*8)"15+&'(#9"0&0+#/"+,"79(@/)+?=&7Z&j)(./)+?&+)5/)1+0>

)"15/;&4+'1/*/;&'(#9"0=&0Z&j)(./)+?&+)5/)1+0)"15/;&4+'1/*/;&'(@#"2"&'(#9(&4"1*/&4"9"2"0";&

"79(7"5'+
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R/,-*85(5"6 49+6/)/)+? "4/9(5"9( '"& 01/6-& +,"79(@/)+C& ()(*"2+.)"& 4"& <"96-*/& XdZ

?0*?/51? 2+15"29(66(, '"5"9(? 04"1*/#150++ 6"@/5 7%58 4"#()( )( 0$"# '*(11+<+'(5"9- #*?

#(*8)/;D/; "79(7"5'+.

!"#$%&#'()*$"'+#,'&-%(

@,8%10177,9/*,8,/5,77;</2/-12-&';%$/'$51&$8&*+,A17$9%$

!9+ 1"15(0*/)++ 5/15"0"; 7(,% #())%$ 7%*+ -15()"0*/)% 1*/#-CH+/ 49+,)('+, '"5">

9%/ )/"7$"#+6" -.+5%0(58 49+ 9(,9(7"5'/ 6/5"#(:

! '"*+./150" *C#/; 0 13/)/,

! 9('-91, 0 '"5"9"6 ./*"0/' #0+@/51? 0 13/)/,

! #+)(6+.)%; +*+ 15(5+.)%; <"),

! 49"7*/6%, 10?,())%/ 1 '(./150"6 +,"79(@/)+;, 9(,9/D/)+/6, )(*+.+/6 D-6(.

E1)"0)%6+ @/ 49+,)('(6+, 4" '"5"9%6 1"15(0*?/51? 7(,( #())%$, ?0*?C51?:

! 4"* ./*"0/'(,

! 0",9(15 ./*"0/'(.

G9/7"0()+?, '"5"9%6+ 9-'"0"#150"0(*+18 (05"9% #*? 1"15(0*/)+? 7(,% #())%$:

! 9(,)%/ 13/)%;

! 9(,)%/ 4"*"@/)+? *C#/; (9(,)%/ 49+,)('+).

!9+&1"15(0*/)++&7(,%:&'(@#";&,(4+1+&15(0+51?&0&1""50/5150+/&0/'5"9&49+,)('"0:&'"5">

9%;&"4+1%0(/5&M'14/95)-C&"3/)'-&0+#/"4"5"'(&4"&"4+1())%6&49+,)('(6=

)417.,/+18"#:-,-&'

A&'(./150/&6/9%&"3/)'+&5".)"15+&9(7"5% 6/5"#"0&+14"*8,-/51?&5('&)(,%0(/6(?&.(15"5(&

9(14",)(0()+?:&'"5"9(?&9(11.+5%0(/51?&4"&<"96-*/ (8).

O =
PQ
P . (8)

2#/&RA — '"*+./150"&0/9)"&9(14",)())%$&<9(26/)5"0:&R — '"*+./150"&9(14",)(0(/6%$&

<9(26/)5"0=

B2<&57;1/5,77;1/$/6&2-,7&'.,/8,5,0

O*?&19(0)/)+?&"4+1())%$&4"#$"#"0&+14"*8,-C51?&5/15"0%/&#())%/:&'"5"9%/&49/#"15(0>

*?C51?&"92()+,(3+?6+:&0/#-H+6+&)(-.)%/&+11*/#"0()+?&0&1</9/&'"648C5/9)"2"&,9/)+?=&A&,(>

0+1+6"15+&"5&9/D(/6%$&,(#(.&+14"*8,-C51?&)(7"9%&#())%$Q

! CRIM 1"15"+5&+,&]k\&0+#/"<9(26/)5(:&9(,6/9&'(#9"0&\hi&$&\]i&4+'1/*/; [18];

! VidTIMIT 0'*C.(/5&0&1/7?&Lbi&0+#/"+,"79(@/)+;:&9(,6/9&'(#9"0&hbi&x 240 4+'>

1/*/; [19].
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A&'(./150/&4(9(6/59"0&(*2"9+56(&SWY&0%7+9(C51?&1*/#-CH+/Q

! '"*+./150" 1"1/#)+$ 4+'1/*/;&# = 8;

! 9(115"?)+/&"5&3/)59(*8)%$&4+'1/*/;&#"&1"1/#)+$&G = 1 STUV.

O*?&49+6/)/)+?&#+)(6+./1'"2"&SWY&5('@/&-.+5%0(/51?&,)(./)+/&49"6/@-5'(&09/6/)+&

6/@#-&4"1*/#"0(5/*8)%6+&'(#9(6+&ED = 0,5V.

j)(./)+/&4(9(6/59"0&7%*+&4"#"79()%&M64+9+./1'+6&4-5/6&49+&"79(7"5'/&"#)"2"&1*->

.(;)%6&"79(,"6&0%79())"2" 0+#/"<9(26/)5( +, 5/15"0%$ 7(, #())%$.

B26&#:8"1%;1/2+152-',

A '(./150/ 19/#% #*? 49"0/#/)+? M'14/9+6/)5"0 7%* 0%79() 4('/5 49+'*(#)%$ 49">

29(66 MATLAB. O*? 0%#/*/)+? "1"7%$ $(9('5/9+15+./1'+$ 5"./' 49+ ()(*+,/ ./*"0/./1'+$

*+3 0 0+#/"4"5"'/ +14"*8,"0(*(18 10"7"#)" 9(149"159()?/6(? 7+7*+"5/'( The Machine 

Perception Toolbox [14].

O*? '*(11+<+'(3++ +14"*8,-C51? 19/#150( 7+7*+"5/'+ LIBSVM [8].

)6$2,7$1/C.261+$%17-,

A&*+15+)2/ X\Z&49/#15(0*/)&'"#&#*?&4"*-./)+?&2+15"29(66%&LBP. A *+15+)2/& XbZ&&49/#>

15(0*/)&'"#&#*?&0%.+1*/)+?&VLBP, "1)"0())"2"&)(&+)<"96(3++&3/*"2"&<9(26/)5(&0+#/"4"5">

'(=&U1$"#)%/&0+#/"<9(26/)5%&4"6/H(C51?&0&"5#/*8)%/&4(4'+&0&,(0+1+6"15+&"5&49"0"#+6"2"&

M'14/9+6/)5(=&N&'(@#"6-&<9(26/)5-&49+6/)?/51?&0%.+1*/)+/&2+15"29(66%&LBP/VLBP:&+&2/)/>

9+9-C51?&<(;*%&#*?&"7-./)+?&'*(11+<+'(5"9(=

!"1*/& M5"2"& '& +1$"#)%6& 0+#/"<9(26/)5(6& 49+6/)?/51?& "4/9(5"9& LBP, +& 4"*-./))(?&

2+15"29(66(& 4"#(/51?& )(& 0$"#& '*(11+<+'(5"9-=& A& ,(0+1+6"15+& "5& 9/,-*85(5(& '*(11+<+'(3++&

+1$"#)%;&0+#/"<9(26/)5&4"6/H(/51?&0&1""50/5150-CH-C&4(4'-=&j)(?&+6/)(&+1$"#)%$&0+#/">

<9(26/)5"0:&"49/#/*?/51?&'"*+./150"&'"99/'5)"&'*(11+<+3+9"0())%$&#())%$=

@,26&87,',7$1/01#&'1012.$</#$4

U11*/#"0(*(18&9(7"5(&6/5"#(&1&0+#/"+,"79(@/)+?6+:&+6/CH+$&9(,*+.)%/&9(,6/9%&'(#>

9"0& \hi$\]i& 4+'1/*/;:& 1"#/9@(H+$1?& 0&CRIM [18], hbi$240 4+'1/*/;& +,& 7(,% VidTIMIT [19].

G('@/&49"+,0"#+*"18&6(1D5(7+9"0()+/&0+#/"<9(26/)5"0&#"&9(,6/9(&'(#9(&di$hi&4+'1/*/;=

A 5(7*+3/ 1 49/#15(0*/)% 9/,-*85(5% 9(14",)(0()+?, 4"*-./))%/ )( "4+1())"; 7(,/ 0+>

#/"<9(26/)5"0. U, 9/,-*85(5"0 0+#)", .5" 6/5"#, "1)"0())%; )( #+)(6+'/ +,6/)/)+; ./*"0/>

./1'"2" *+3(, ,)(.+5/*8)" 49/0"1$"#+5 0 .(15"5/ 9(14",)(0()+? 6/5"#, +14"*8,-CH+; +1'*C>

.+5/*8)" 15(5+./1'+/ '(#9% #*? 1"15(0*/)+? 6"#/*+.
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K5"+5&"56/5+58:&.5"&49+&7"*//&0%1"'"6&9(,9/D/)++&5".)"158&9(14",)(0()+?&"7"+$&6/>

5"#"0&0%D/=&E#)('"&49+&,)(.+5/*8)"6&9(,6/9/&'(#9(&9/,-*85(5%&+,6/)?C51?&)/,)(.+5/*8)"=

!"*-./))%/ 9/,-*85(5% 4"#50/9@#(C5 0%#0+)-5%/ 0 [11] 49+)3+4%.

75@G)D5 1

R/,-*85(5%&9(14",)(0()+?

I/5"# R/,-*85(5, %

40x30 4'1= 130x150 4'1= hbi$bdi&4'1=

E1)"0())%; )( 15(5+'/ +,"79(@/)+; 89,1 93,3 94,0

E1)"0())%; )( #+)(6+'/ +,6/)/)+; +,">

79(@/)+;

94,7 98,1 98,2

)6+151#17$1/6&#,

A #())"6 M'14/9+6/)5/ 0 '(./150/ +14"*8,-/6%$ 0+#/"<9(26/)5"0 #*? "7-./)+? + 5/1>

5+9"0()+? 7/9-51? +,"79(@/)+? +, 10"7"#)" 9(149"159()?/6%$ 7(, #())%$ CRIM [18], 

VidTIMIT [19].

A 49"3/11/ 49/#"79(7"5'+ 0 '(@#"6 0$"#)"6 0+#/"<9(26/)5/ "1-H/150*?/51? 0%#/*/>

)+/ "1"7%$ 5"./' — 2*(, + 4" 4"*"@/)+C 2*(, 0%.+1*?/51? "7*(158 *+3(. G(' '(' 0 #())"6 +

4"1*/#-CH/6 M'14/9+6/)5($ 0$"#)%/ #())%/ 7/9-51? +, 9(,)%$ 7(, + )/ -)+<+3+9"0()%, )/>

"7$"#+6%6 ?0*?/51? 6(1D5(7+9"0()+/ 4"*-./))%$ 0+#/"<9(26/)5"0.

R/,-*85(5% '*(11+<+'(3++ 49+0/#/)% 0 5(7*+3/ 2.

75@G)D5,L

R/,-*85(5%&2/)#/9)";&'*(11+<+'(3++

I/5"# R/,-*85(5, %

40x30 4'1= 130x150 4'1= hbi$bdi&4'1=

E1)"0())%; )( 15(5+'/ +,"79(@/)+; 90,6 93,4 92,1

E1)"0())%; )( #+)(6+'/ +,6/)/)+; +,">

79(@/)+;

80,1 89,2 94,7

U, 4"*-./))%$ 9/,-*85(5"0 1*/#-/5, .5" +14"*8,"0()+/ #+)(6+./1'"; +)<"96(3++ 49+

#())"6 4"#$"#/ )/ 4",0"*?/5 -*-.D+58 49"+,0"#+5/*8)"158 6/5"#(:&49+&"79(7"5'/&+,"79(@/>

)+;&)+,'"2"&9(,9/D/)+?=&!9+&-0/*+./)++&9(,6/9(&'(#9(&5".)"158&6/5"#(:&"1)"0())"2"&)(&49+>

6/)/)++&VLBP:&49/0"1$"#+5&4"'(,(5/*+&15(5+./1'"2"&6/5"#(=

)6+151#17$1/'&8+,2-,

N(' + 0 49/#%#-H/6 49+6/9/ 0 )(15"?H/6& M'14/9+6/)5/ +14"*8,-C51? 10"7"#)" 9(1>

49"159()?/6%/ 7(,% 0+#/"<9(26/)5"0 CRIM [18], VidTIMIT [19].



I"*"#/@)%;&)(-.)"-5/$)+./1'+;&0/15)+'&JKLL-51038

!9"3/11 49/#"79(7"5'+ 1$"@ 1 "4+1())%6 9()// + ,('*C.(/51? 0 -15()"0*/)++ "1"7%$

5"./', 4" '"5"9%6 "49/#/*?/51? "7*(158 *+3(, + 6(1D5(7+9"0()++ 0+#/"<9(26/)5"0 #" -)+<+>

3+9"0())%$ 9(,6/9"0.

O*? '*(11+<+'(3++ 7%*+ 0%79()% 1*/#-CH+/ 0",9(15)%/ 29-44%:

! #" 9 */5,

! "5 10 #" 19 */5,

! "5 20 #" 39 */5,

! "5 40 #" 59 */5,

! "5 60 */5.

R/,-*85(5% '*(11+<+'(3++ 49+0/#/)% 0 5(7*+3/ 3.

75@G)D5,M

R/,-*85(5%&0",9(15)";&'*(11+<+'(3++

I/5"# R/,-*85(5, %

40x30 4'1= 130x150 4'1= hbi$bdi&4'1=

E1)"0())%; )( 15(5+'/ +,"79(@/)+; 77,6 83,2 83,9

E1)"0())%; )( #+)(6+'/ +,6/)/)+; +,">

79(@/)+;

69,1 68,7 69,0

!"*-./))%/ 9/,-*85(5% 4"'(,%0(C5, .5" +14"*8,"0()+/ #+)(6+./1'"; +)<"96(3++ )/

4",0"*?/5 -*-.D+58 '(./150" '*(11+<+'(3++ ./*"0/./1'+$ *+3 4" 0",9(15-.

D;'&5;

A )(15"?H/; 9(7"5/ 7%*+ 9(116"59/)% ()59"4"*"2+./1'+/ +11*/#"0()+? 0 "7*(15+ <+>

,+"*"2++ ./*"0/./1'"2" *+3( + /2" 49+6/)+6"15+ #*? 9/D/)+? ,(#(. 9(14",)(0()+?. G('@/ 7%>

*+ 0%#/*/)% 9(7"5%, 0 '"5"9%$ "1"7"/ ,)(./)+/ -#/*?/51? #+)(6+'/ +,6/)/)+? ./*"0/./1'"2"

*+3(, 6+6+'/.

O*? 5"2", .5"7% 49"1*/#+58 #"15"+)150( + )/#"15(5'+ +14"*8,"0()+? #())"2" 4"#$"#(,

7%*+ 49"0/#/)% 1*/#-CH+/ M'14/9+6/)5%:

! 9(14",)(0()+/ ./*"0/./1'"2" *+3( 0 0+#/"4"5"'/;

! 2/)#/9)(? '*(11+<+'(3+?;

! 0",9(15)(? '*(11+<+'(3+?.

A '(@#"6 M'14/9+6/)5/ 49"0/9?*+18 #0( 6/5"#(, +14"*8,-CH+$ 6"#/*+, "1)"0())%/ )(:

! 15(5+./1'+$ $(9('5/9+15+'($ ./*"0/./1'"2" *+3(;

! #+)(6+'/ +,6/)/)+; ./*"0/./1'"2" *+3(.

G('@/&49"1*/@+0(*(18& ,(0+1+6"158&0*+?)+?&9(,6/9(&'(#9"0&0+#/"+,"79(@/)+?&)(& 5".>

)"158&9(14",)(0()+?=
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A '(./150/ (*2"9+56( 0%#/*/)+? $(9('5/9+15+./1'+$ "1"7/))"15/; ' '(#9(6 0+#/"4"5">

'( 49+6/)?*1? "4/9(5"9 LBP, #*? '*(11+<+'(3++ +14"*8,"0(*1? SVM.

l'14/9+6/)5(*8)" 7%*" 4"'(,()", .5" #*? 9/D/)+? ,(#(.+ 9(14",)(0()+? +14"*8,"0(58

+)<"96(3+C " #+)(6+'+ +,6/)/)+; ./*"0/./1'"2" *+3( 3/*/1""79(,)", .5" 1""50/5150-/5 ()>

59"4"*"2+./1'+6 +11*/#"0()+?6.

G('@/ 7%*" -15()"0*/)", .5" #*? 9/D/)+? ,(#(. '*(11+<+'(3++ 0 9(6'($ 49"0"#+6%$

M'14/9+6/)5"0 3/*/1""79(,)"& 49+6/)?58& 4"#$"#:& "1)"0())%;& )(& #+)(6+./1'";& +)<"96(3++&

#*?&0+#/"+,"79(@/)+;&9(,6/9"6&"5&hbi$bdi&4+'1/*/;=&!9+&6/)8D/6&9(,9/D/)++ 49+6/)/)+/&

#())"2"&6/5"#(&)/&#(/5&0%+29%D&0&5".)"15+&'*(11+<+'(3++=

A '(./150/ #(*8)/;D+$ +11*/#"0()+; )/"7$"#+6" 9(116"59/58 + 49"()(*+,+9"0(58 6/>

5"#% "49/#/*/)+? $(9('5/9+15+./1'+$ 5"./', 4"#$"#?H+$ #*? 9/D/)+? D+9"'"2" '9-2( ,(#(.,

"5 ,(#(. 9(14",)(0()+? #" '*(11+<+'(3++.

>1(?10;1

S+15+)2&\=&!"*-./)+/&2+15"29(66%&LBP #*?&"#)"2"&'(#9(&0+#/"4"5"'(=

01 I = imread('test.png');

02 mapping = getmapping(8, 'u2');

03    H = LBP(I, 1, 8, mapping, 'h');

S+15+)2&b=&!"*-./)+/&2+15"29(66%&VLBP #*?&4"1*/#"0(5/*8)"15+&'(#9"0&0+#/"4"5"'(=&

01 cd ('..\test\');

02 a = dir('*.jpg');

03 for i = 1 : length(a)

04 img_name = getfield(a, {i}, 'name');

05 img_dat = imread(img_name);

06        % !"#$%&'(&"$)#(% $ "''%#*( +%&","

07 if size(img_dat, 3) == 3

08 img_dat = rgb2gray(img_dat);

09 end

10 [height width] = size(img_dat);

11 if i == 1

12 vol_data = zeros(height, width, length(a));

13 end

14 vol_data(:, :, i) = img_dat;

14 end

15 cd ..

16

17 rotate_index = 1;

18 radius = 1; 
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19 time_int = 0.5;

20 neighbors = 8;

21 time_len = 1;

22 border_len = 1;

23 bil_interpolation = 1;

24 H = RIVLBP(vol_data, time_int, radius,

25 neighbors, border_len,

26 time_len, rotate_index, bil_interpolation);

."#$/*(0#-'+%-1+2(

1. Bassili, J. Emotion recognition: The role of facial movement and the relative importance of upper 

and lower areas of the face / J. Bassili // Journal of Personality and Social Psychology. — 1979.

— Vol. 37, no. 27(2). — P. 2049–2059.

2. Haralick, R.M., Dinstein, I., Shanmugaman, K. Textural features for image classification IEEE 

Trans. Syst. Man Cybern. SMC-3, 1993, 610-621.

3. Hill H., Johnson A. Categorizing sex and identity from the biological motion of faces / Johnson A. 

Hill, H. // Current Biology. — 2001. — no. 11(11). — P. 880–885.

4. Knight B., Johnston A. The role of movement in face recognition / Johnston A. Knight, B. // Visual 

Cognition. — 1997. — no. 4. — P. 265–274.

5. Leung, T., Malik, J.: Representing and recognizing the visual appearance of materials using thee-

dimensional texons. Int. J. Comput. Vis. 43(1), 29-44, 2001.

6. LIBSVM URL: http://www.csie.ntu.edu.tw/ cjlin/libsvm/.

7. Liu X., Chen T. Video-Based Face Recognition Using Adaptive Hidden Markov Models / Liu X., 

Chen, T. // IEEE. 2003, Pp. 340-345.

8. Maenpaa, T. The Local Binary Pattern Approach To Texture Analysis – Extensions And Applica-

tions: Ph.D. thesis / Infotech Oulu and Department of Electrical and Information Engineering, 

University of Oulu. — 2003.

9. Ojala, T., Pietikäinen, M. and Harwood D. Performance evaluation of texture measures with classi-

fication based on Kullback discrimination of distributions, Proceedings of the 12th IAPR Interna-

tional Conference on Pattern Recognition, — 1994, vol. 1, pp. 582 - 585.

10. Ojala, T., Pietikäinen, M. and Harwood D. A Comparative Study of Texture Measures with Classi-

fication Based on Feature Distributions, Pattern Recognition, — 1996, vol. 29, pp. 51-59.

11. O’Toole A.J., Roark D.A. Abdi H. Recognizing moving faces: A psychological and neural synthe-

sis / Roark D.A. Abdi H. O’Toole, A.J. // Trends in Cognitive Science. — 2002. — no. 6. — P. 

261–266.



http://sntbul.bmstu.ru/doc/577719.html

12. Saisan, P., Doretto, G., Wu, Y.N., Soatto, S. Dynamic texture recognition. In: Proc. IEEE Confer-

ence of Computer Vision and Pattern Recognition, vol. 2, pp. 5863, 2001.

13. Szummer, M., Jain, A.K. Temporal texture modeling. In: Proc. IEEE International Conference of 

Image Processing, vol 3, pp. 823826, 1996.

14. The Machine Perception Toolbox URL: http://mplab.ucsd.edu/grants/project1/free-

software/MPTWebSite/introduction.html.

15. Tuceryan, M., Jain, A.K.: Texture Analysis. In: Chen, C.H., Pau, L.F., Wang, P.S., The Handbook 

of Pattern Recognition and Computer Vision, 2
nd 

edn., pp. 207-248. World Scientific, Singa-

pore(1998).

16. Zhao G., Pietikainen M. Dynamic texture recognition using local binary patterns with an applica-

tion to facial expressions / Pietikainen M. Zhao, G. //IEEE TPAMI. — 2007. — Vol. 29(6). — Pp. 

915–928.

17.I(1*+;, R. A. U14"*8,"0()+/ *"'(*8)%$ 7+)(9)%$ D(7*")"0 #*? 9(14",)(0()+? *+3 )( 4">

*-5")"0%$ +,"79(@/)+?$ / R. A. I(1*+; // U)<"96(3+"))%/ 5/$)"*"2++ + '"648C5/9)(?

5/$)+'(. — 2008. — G. 4. — K. 6.

18. [(7"9% #())%$ #*? (*2"9+56"0 9(14",)(0()+? 9/.+ + 6+6+'+ *+3( [l*/'59"))%; 9/1-91]. 

— URL: http://www.crim.ca/en, (#(5( "79(H/)+?: 18.12.20122=).

19. [(7"9% #())%$ #*? (*2"9+56"0 9(14",)(0()+? 9/.+ + 6+6+'+ *+3( [l*/'59"))%; 9/1-91]. 

— URL: http://itee.uq.edu.au/ conrad/vidtimit/, (#(5( "79(H/)+?: 18.12.20122=).


